Fluorescence ratio imaging microscopy using pH-sensitive fluorescent dyes makes it possible to evaluate statistical distribution of intracellular pH in a population of the yeast S. cereuisiae examined in a thin layer of suspension in a Petri dish. The distribution appears to fit a Gaussian curve with a half-width around the 0.4 pH unit. The curve became slightly narrower after resuspension in a strong buffer; the mean values shifted with the pH of the buffer. The shape of the distribution curves of both resting and growing cells in various phases of growth does not change significantly. Likewise, addition of 1% of glucose, 50 PM suloctidil or 100 PM diethylstilbestrol brings about no alteration. The only value which clearly changes is the average cytoplasmic pH.
Introduction
Several approaches have been described in the literature to estimate intracellular pH values. Those applicable to most cells include the distribution of weak acids [1, 2] , 31P-NMR spectroscopy [3, 4, 19] , or absorption spectroscopy using pH indicators [5] . The technique preferred in our laboratory and in fact developed here is fluorescence spectroscopy of an intracellular dye subjected to excitation at two different wavelengths [6-91. It can be used for the measurement under truly in vivo conditions and a further improvement of the technique, the ratio imaging microscopy using digital processing of fluorescence microscopic images, removes most of the limitations and makes it possible to obtain reliable in vivo data * Corresponding author. [lO,ll] . As the only alternative, there is the measurement of intracellular pH with pH-sensitive microelectrodes [ 121, which is hardly applicable for routine work with yeast cells.
In the context of a detailed study of intracellular pH of yeast cells, including maps of cell pH, the technique used here before (cells under a coverslip on a microscopic slide) was improved as described in the text by using cells in suspension in a shallow Petri dish. Moreover, determination of individual cell pH values proved to be quite revealing, showing a Gaussian spread of values.
Materials and methods

Yeast
Cells of Saccharomyces cerevisiae (strain K, CCY 21-4-60), routinely employed in this laboratory, were 0378-1097/95/$09.50 0 1995 Federation of European Microbiological Societies. AII rights reserved SSDI 0378-1097(95)00213-8 maintained on wort agar slopes and propagated in a semisynthetic medium on a reciprocal shaker of 30°C. Unless otherwise stated, cells were harvested after 5 h (mid-lag phase), after 16 h (mid-exponential phase) and after 20 h (early stationary phase). 'Resting cells' were taken directly from the agar slope, without any further propagation. All the cells were then aerated for 1 h at the same temperature and resuspended in water or 0.2 M triethanolamine-phthalate buffer (TEPA).
Loading of cells with a ph-sensitive jluorescent probe
Cells were loaded with 5(6)-carboxyfluorescein (CF) and 2',7'-bis-(carboxyethyl)-5(6)-carboxyfluorescein (BCECF) by incubation with the diacetate ester of the dyes or their acetoxylated precursor. Both dyes are nonfluorescent in the acetylated form and become fluorescent only inside the cell after enzymic cleavage by esterases [6] . The optimum setup was to incubate for 30 min at 35°C in a 10 PM solution of 5(6)-carboxyfluorescein diacetate (CFDA) or in 2',7'-bis-(carboxyethyll-5(6)-carboxyfluorescein pentaacetoxymethyl ester (BCECF-AM) (both dyes from Molecular Probes, Eugene, OR, USA). The incubation medium was prepared by a hundred-fold dilution of the 1 mM stock solution in dimethyl sulphoxide. Methylene blue staining was employed as a check for cell viability. Using the above described staining procedure none of the cells filled with CF or BCECF were stained with methylene blue. In fact, cells which were not stained by CF or BCECF were often positive for methylene blue (hence nonviable), which shows that fluorescein diacetate dyes are true vital stains.
Although one would expect all cells to take up the same amount of CF or BCECF, there are always cases that contain pronouncedly more dye than other cells. This phenomenon is probably related to the activity of cytoplasmic esterases and to the physiological state of the individual cells. When fluorescein was used for staining, generally up to 75% of Saccharomyces cereuisiae cells were stained. With BCECF or CF, however, the percentage of such cells was significantly lower, about 25%. At any rate, the concentration of the dye released in the cell interior during the incubation period was in all cells observed high enough to make the cell autofluores- Fig. 1 . Experimental setup for fluorescence ratio imaging microscopy. A conventional fluorescence microscope (a) is equipped with an image intensifier (b) and a CCD camera (c) and is connected to a computer (d). The magnified picture (e) shows our approach to a sample (cells in a Petri dish and an objective with a large working distance).
cence and the background signal of the experimental setup negligible.
With BCECF and CF, there have always been weakly fluorescent or practically nonfluorescent cells. Apart from the point that these could not have been used for the pH measurement because they gave no distinguishable fluorescence signal, the question arises why some cells fluoresce less intensely than others. Is it a case of less active esterases (longer incubation enhances the fluorescence intensity and increases the proportion of 'well-stained' cells) or is it an effect of the cell wall or a lower plasma membrane permeability for the dye precursor (BCECF-AM or CFDA)? One should always bear in mind that, in spite of his or her well-meant efforts, the experimenter tends to select for his examination the cells which shine brighter than others.
All physiological additives, i.e. 1% glucose or inhibitors of H+-ATPase, such as 100 FM diethystilbestrol and 50 PM suloctidil, were added together with the fluorescent dyes used and were incubated with them before measurement.
setup
Fluorescence images were taken by a conventional epifluorescence microscope (JENAIUMAR, Carl Zeiss, Germany) equipped with a CCD camera coupled to a microchannel plate image intensifier (Fig. 1) . Special care was taken to properly select the excitation filters, the dichroic mirror and the barrier emission filters. All these components were carefully checked so that the level of false light was minimized. Video images from the CCD camera were 7.0 pH 6.5 6.0 digitized in 255 gray levels (8 bit) images (512 X 512 pixels) by a Matrox MVP-AT digitizer, then stored in the computer memory and, as image pairs, processed with a Nikon LUCIA software.
The yeast cells were placed on a Petri dish (diameter 35 mm) filled with an approximately 1 mm layer of aqueous solution. The yeast cells sedimented on the bottom of the Petri dish in about 1 min. As the microscope lens (12.5 X /0.35) has the working distance of about 2 mm, it was possible to focus on the bottom of the dish, the overlying liquid (water or buffer) being transparent and nonfluorescent so that it did not interfere with the fluorescence calibration curve, and the gray scale could be immediately calibrated in pH units (Fig. 2) . All images were displayed in a pseudocolour rainbow scale for more comfortable work. The fluorescence signal of all evaluated cells was bright enough to make the subtraction of background fluorescence negligible. The output of the video camera and the image intensifier was checked to be linearly related to light intensity; the gamma of the camera was set to unity. The fluorescence signal was kept in a range well above the background signal and well below the saturation signal.
The imaging system was calibrated with a series of TEPA buffers for both BCECF and CF. The usable range of BCECF lay between pH 5 and 7.5 while that of CF was between pH 4 and 6.5. Use of both probes makes it possible to extend the measuring range from about pH 4 to about pH 7.5. In this way intracellular pH values of several tens of yeast cells could be taken simultaneously and later statistically evaluated.
All the results shown with yeast cells are typical observations; they were repeated several times. The results shown in a given plot originate from a population captured in a single image in order to eliminate possible differences in cell conditions. In other words, the statistical distribution is calculated from a pair of pictures taken at a given moment. All data curves originate always from one homogeneous population 'photographed' at a given moment. 3a. The distribution appears to fit a Gaussian curve; with stationary cells suspended in water the mean value was 5.5 and the population standard deviation (+ was 0.17 pH unit. The half-width (w) of the distribution curve is thus 0.4 pH unit.
Results
A typical distribution of average intracellular pH values of
Fifteen minutes after resuspension in a strong buffer (0.2 M TEPA) the distribution was slightly narrower (half-width 0.36 instead of 0.401, as shown in Fig. 3b . The median pH shifted with the pH of the buffer (Fig. 4) as expected according to [6, 8, 13, 14] . In an acidic buffer, the intracellular pH became more acidic, in alkaline buffers it became more alkaline than in distilled water, but a certain spread of individual pH values remained in all buffers.
The intracellular pH distribution of resting cells was compared with that of growing cells in different phases of the growth cycle. Resting cells give the same results like cells in the lag phase (mean pH value around 5.15, half-width 0.42 pH unit; Fig. 5a ), while cells in the exponential phase (mean pH value around 5.25, half-width 0.42 pH unit; Fig. 5b ) and in the stationary phase (mean pH value around 5.55, the cover slip. This is why the technique with the Petri dish described above was employed.
The results show that the intracellular pH of individual cells is not uniform and that certain individual differences exist. In all cases the intracellular pH distribution fits a curve close to Gaussian distribution. However, if one realizes that intracellular pH depends on a large number of independent factors, there is good reason to predict that intracellular pH in a population will follow a Gaussian distribution. half-width 0.40 pH unit; Fig. 3a ) have shifted median pH values.
The shape of the distribution does not change upon addition of 1% of glucose, 50 /.LM suloctidil or 100 PM diethylstilbestrol. However upon addition of glucose the intracellular pH remained at more alkaline values in acidic buffers (Fig. 61 . Earlier experiments showed that cells under a cover slip do not behave like those in suspension, probably because of the heat, mechanical pressure, lack of oxygen, and slow diffusion of nutrients under Evaluation of population standard deviations based ments we tried to examine a large number of cells on this assumption made it possible to determine the simultaneously and used a low-resolution objective half-width of the distribution and the pH range into (see Materials and methods). Therefore we could not which more than 99% of the population would be distinguish intracellular details and dealt only with included. This range lay within 0.9 to 1.1 pH unit for the 'overall' intracellular pH which combines the all the results, the half-width being 0.36-0.42 pH cytoplasmic pH and the pH of the organelles, espeunit. cially vacuoles. Preliminary results obtained with other types of cells show that the phenomenon of differences in individual cytoplasmic pH is quite general, rather than a speciality of the yeast Saccharomyces cereuisiae. Flow cytometry experiments with lymphocytes [15, 16] also showed intracellular pH differences.
The narrowing of the distribution after suspension in buffer (Fig. 3b) is understandable as the intracellular pH is under greater pressure than it is in water. Actually, it is surprising that the distribution persists in a strong buffer and does not narrow even more substantially. The average pH values in buffers tally with data in the literature [2, 6, 8, 13, 14] and confirm that intracellular pH depends on the pH of the medium (Fig. 4) . The fact that the mean pH values in buffers exactly agree with [14] , where the same yeast strain and buffer were used, can serve as confirmation that our measurements reflect the true intracytoplasmic pH values of Saccharomyces cerevisiae in suspension.
To evaluate the actual contribution of the fluorescent signal from the vacuoles to the overall cell fluorescence we took detailed confocal images of individual cells loaded with CF and BCECF. Both dyes penetrate into the vacuoles of S. cereuisiae but reach a concentration much lower than in the cytosol. This finding tallies with the results of Haworth et al. [21] , van Adelsberg et al. [22] , and with former experience in this laboratory, but is in contrast with Preston et al. [20] . In summary, the vacuolar pH may play a certain role in the value of the overall cell pH, but the main contribution to the overall value comes definitely from the cytosol.
The intracellular pH of the yeast cells examined here was in agreement with earlier reports [8, 14] , considerably lower than neutral at this temperature (which would be 6.8) and lower than that measured by NMR [19] . The reasons for this may be both physiological and methodological, subject now to an intense research here.
The shape of the distribution curves of both resting and growing cells in various phases of growth does not change much. The half-widths range from 0.40 to 0.42 pH unit and the differences are not significant. The only value which is different for various growth phases is the average intracellular pH. The mean pH for resting cells and cells in the lag phase is about 5.15, for cells in the exponential phase about 5.25, and for cells in the stationary phase about 5.55. These results do not quite agree with the data of Imai and Ohno [17] (pH 5.3 in the lag phase, up to 6.8 during the exponential phase, and 5.6 in the stationary phase), the only paper dedicated to changes of intracellular pH of Saccharomyces cereuisiae during growth. The reason can be that the authors used different cultivation conditions (e.g. cells were not aerated after cultivation) and maintained a constant pH value of 5.0 during measurement.
A new finding made in this context was the effect or lack of it of plasma membrane H+-ATPase activators (glucose) and inhibitors (diethylstilbestrol, suloctidil) . The lack of effect of the inhibitors was no surprise as in nonmetabolizing cells the ATPase activity is probably very low [18] . On the other hand, glucose addition, which is followed by ATPasemediated H' efflux from cells, apparently generates a relative lack of H+ in the cytosol, leading to higher apparent pH values.
